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Raman study of the vibrational modes in ZnGeN2 (0001)
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A Raman spectroscopy study was carried out for ZnGeN2 with direction of propagation along the
(0001) crystallographic direction on hexagonal single crystal platelets obtained by reaction of gaseous
ammonia with a Zn-Ge-Sn liquid alloy at 758 ◦C. The sample geometry allowed measurement of the
a2 and a1 Raman modes. First-principles calculations were carried out of the spectra. Measurements
with crossed polarizers yielded spectra that agreed well with first-principles calculations of the a2
modes. Measurements with parallel polarizers should in principle provide the a1L modes. However,
for most of the Raman modes, the LO-TO splitting was calculated to be very small, and for the
few modes which were predicted to have larger LO-TO splittings, the LO mode was not observed.
This absence is tentatively explained in terms of overdamped LO-plasmon coupling. LO-TO mode
crossing was identified by comparing the calculated eigenvectors and intensities of individual modes.
Some features in the experimental spectra were identified as arising from critical points in the phonon
density of states and are indicative of the degree of disorder on the cation lattice.
PACS numbers: 78.30.Fs,63.20.dk
I. INTRODUCTION
ZnGeN2 is a heterovalent ternary analogue of wurtzite
GaN, obtained conceptually by substitution of each pair
of Ga atoms, belonging to group III, by a Zn (group
II) and Ge (group IV) atom. There has been increasing
interest lately in the heterovalent ternary nitrides. This
interest is motivated in part by the search for alternatives
to the binary nitrides that would be composed entirely of
abundant elements. In addition, the increased complex-
ity of the compounds offers opportunities for develop-
ing doping strategies, engineering defects, and tailoring
properties, that are not available in the simpler, binary
nitrides. The prospect of combining the two families of
materials in heterostructures offers additional opportu-
nities. For example, while the band gap of ZnGeN2 is
within 100 meV or so of that of GaN, the band offset
is predicted to to be as large as 40 percent of the band
gap.1 This situation offers the prospect of designing novel
nitride heterostructures based upon the type-II character
of the interface, taking advantage also of the close lattice
match and similar optimal growth temperatures of the
two materials.2
The increased complexity of the lattice, compared to
the binary nitrides, also presents a possibly more difficult
task when attempting to determine fundamental proper-
ties of the materials. Depending on the growth condi-
tions, ZnGeN2 may exhibit either a disordered (wurtzite-
like) or ordered structure.3 In a recent paper, it was
shown that even the disordered phase may obey locally
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the octet rule of having exactly two Zn atoms and two
Ge atoms as nearest neighbors of each N atom.4 This
phase involves a disordered mixture at the atomic scale
of two stacking arrangements of rows of atoms in the
basal plane, each row containing alternating Zn and Ge
atoms, corresponding to two simple ordering schemes
with space groups Pna21 and Pmc21. To date, only the
Pna21 structure, which has a calculated energy of forma-
tion 120 meV/formula unit less than that of the Pmc21
structure,4 has been observed.
The Pna21 structure of ZnGeN2 was observed first by
neutron diffraction.5 Because it has 16 atoms per unit
cell, its vibrational spectrum is much more complex than
that of the wurtzite structure. The vibrational spectrum
of ZnGeN2 was studied computationally in a series of
papers.6–8 The first report of a measured Raman spec-
trum was for polycrystalline material. The unpolarized
spectrum showed no well-resolved Raman peaks.9 Subse-
quently, Raman spectra were measured for hexagonally
faceted single crystals of diameters of a few microns and
lengths of tens of microns along the c axis by Peshek
et al.10 Using this geometry and exploiting Raman po-
larization dependent selection rules, it was possible to
measure the a1 and b2 TO modes. In addition, there was
clear correlation between some features in the measured
spectra with peaks in the calculated phonon density of
states.
In this paper we report a new growth procedure, which
leads to platelet shaped crystallites with the plane of the
platelet being the c-plane. This geometry offers the op-
portunity to measure the a2 Raman spectrum and, in
principle, the a1 LO modes, and is the preferred growth
direction for heterostructures and films grown on sub-
strates. Since the same orientation will occur in films
grown on the basal plane, it is important to establish
the corresponding Raman spectrum experimentally as
it could become useful to monitor the quality of crys-
tal growth. By using cross-polarized as well as parallel-
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2polarized spectra for different orientations relative to the
hexagonally shaped plates, we were able to identify the
a2 modes and the a1 modes. Good correspondence be-
tween theory and experiment was obtained for the a2
modes and the a1 modes that show weak LO-TO split-
ting. However, for the few modes that show a larger
LO-TO splitting, the LO peaks were not visible in the
experimental spectra. This result is explained in terms
of overdamped LO-plasmon coupling. While one can not
in principle associate the TO modes to corresponding
LO modes on a one-to-one basis, an approximate cor-
respondence can be established based on their Raman
intensities, which indicates that these modes have sim-
ilar eigenvectors. Within this correspondence, we show
computationally that a mode crossing occurs. The modes
which are found to be strongly Raman active are found
to be only weakly infrared active, and vice versa.
II. METHODS
A. Experimental
ZnGeN2 was synthesized in a quartz tube furnace by
exposing a Ge-Zn-Sn liquid to gaseous ammonia at 758
◦C. To form the liquid, a small amount of Sn (50 mg) was
placed on a [111] oriented Ge wafer. A small amount of
Ge melted to form a liquid alloy that was in equilibrium
with the underlying solid Ge. The Zn was supplied by
a heated Zn crucible upstream of the Ge wafer, which
maintained a Zn pressure in the growth chamber of ap-
proximately 0.03 atm. Based on equilibrium data, the
predicted liquid composition was 31% Sn, 15% Zn, and
54% Ge. The NH3 pressure was maintained at 0.31 atm
and the H2 carrier gas pressure was 0.63 atm. The growth
time was 4.0 hours. Platelet-shaped crystals approxi-
mately 20 microns in diameter formed on the surface of
the melt. The resulting ZnGeN2 platelets had ordered
cation lattices, corresponding to the Pna21 spacegroup
as evidenced by x-ray diffraction. The lattice parameters
(a=6.44 ± 0.01 A˚, b=5.467 ± 0.006 A˚, c=5.191 ± 0.004
A˚) indicate the orthorhombic distortion associated with
ordering.
Micro-Raman measurements were performed using a
633 nm laser focused through a 50× objective to a spot
size of approximately 1 micron. The scattered light was
collected in reflection using the same objective. The sam-
ple was rotated in order to change the direction of in-
cident polarization with respect to the crystallographic
axes.
B. Computational
The vibrational modes were calculated using den-
sity functional perturbation theory,11,12 also called lin-
ear response theory, within a plane wave basis set
pseudopotential method using the ABINIT code.13
FIG. 1: (Color online) Hexagonal platelet of ZnGeN2 indi-
cating the excitation spot size and location, and directions of
polarizations for the Raman measurements. Using the analy-
sis outlined in the text, we determined that the x and y axes
of the crystal correspond to directions 4 and 1, respectively.
The calculations were performed in the local den-
sity approximation (LDA),14 and used the relativistic
Hartwigsen, Goedecker, Hutter (HGH) norm-conserving
pseudopotentials.15 A large plane wave cut-off of 80
Hartree was used and the Brillouin zone integration used
a 4 × 4 × 4 integration mesh. For Zn the 3d electrons
were treated as valence electrons while for Ge they were
included in the pseudized core.
III. RESULTS
The Raman spectra were recorded for a hexagonal
platelet for several polarization directions as indicated
in Fig. 1. The scattering geometry has the wavevector
of the laser light at nearly normal incidence to the plane
of the platelets; that is, along the c-direction. When the
incoming and scattered light have parallel polarizations,
the a1 symmetry modes are excited. The Raman ten-
sor for a1 symmetry has different components for the xx,
yy and zz polarizations of the incoming and scattered
light. Since the wavevector is along z and a vector’s z
component belongs to the a1 irreducible representation of
the C2v point group, the spectrum measured in this way
should correspond to the longitudinal optical modes. Al-
though the a1 modes contain displacements of the atoms
along x and y as well as z, only their z-components con-
tribute to the Raman tensor. For example, the Raman
tensor element
Rxx ∝
∑
iα
∂χxx
∂uiα
umiα (1)
involves the displacements eigenvector umiα of the m-th
mode of a1 symmetry, with α the Cartesian component
3FIG. 2: Raman spectra for parallel polarizations of incoming
and scattered light for the four different directions shown in
Fig. 1 in the frequency ranges of the main a2 peaks. The a2
peaks are suppressed in directions 1 and 4, which indicates
that one of these two directions is x and one is y.
and i the index of the atom in the unit cell. Although
there is a sum over i and α, because of the third rank ten-
sorial nature of the derivative of the susceptibility versus
atomic displacements only the xxz elements of the ten-
sor are non-zero and thus only the z displacements con-
tribute. On the other hand, the a2 modes correspond to
the Rxy Raman tensor and should be measurable with
crossed polarizers. However, we do not have an inde-
pendent measure of which is the x and which is the y
direction on the platelet. We assume that x must point
either to the corner of the hexagonal plate or to the mid-
dle of the side, but there are still multiple corners and
sides that could be the crystal’s x or y directions. We uti-
lized the selection rules to narrow down the choices. For
a general direction in the plane, and parallel polarizers,
the intensity should be proportional to
I ∝ | cos2 φRxx + sin2 φRyy + 2 sinφ cosφRxy|2 (2)
with φ the azumuthal angle measured from the x axis.
For parallel polarizations, if φ is in a direction between x
and y both a1 and a2 modes will be present in the spec-
trum. Only when φ = 0 or φ = 90◦ does the spectrum
contain no a2 modes.
To determine which are the x and y axes, we first show
the spectra under parallel polarizers in Fig. 2 for the four
directions shown in Fig. 1. The peaks at 572, 658, and
753 cm−1 are the three strongest measured a2 modes.
These modes can be identified with the calculated a2
modes at 568, 654 and 754 cm−1 reported in Ref. 6.
Their Raman intensities were reported in Ref. 7. In the
present calculation, these modes occur at 577, 664 and
764 cm−1.
According to Equation 2, when φ is in the x or y di-
rection, no a2 modes should be present. Clearly for di-
rections 1 and 4 the modes at 572, 658 and 753 cm−1 are
almost completely suppressed, and thus we identify one
of the directions 1 or 4 as the x direction and the other
TABLE I: Calculated and measured a2 mode frequencies in
cm−1 and corresponding calculated Raman tensor (in atomic
units).
Expt. Calc. Diff. Rxy (10
−4a−10 ) Other
a Diff.
133.9 132.3 −1.6 3.37 129.9 −4.0
160.0 163.5 3.5 1.57 163.0 0
186.0 184.5 −1.5 3.05 182.3 −2.2
202.2 202.1 −0.1 6.20 200.6 −1.6
265.4 269.4 4.0 5.27 266.5 1.1
334.1 334.6 0.5 8.12 340.7 6.6
470.0 472.1 2.1 1.02 470.8 0.8
565.4 553.1 −12.3 8.44 555.2 −10.2
572.4 577.4 5.0 17.64 567.6 −4.8
658.1 664.5 6.4 10.58 653.6 −4.5
753.0 764.0 11.5 20.53 753.6 0.6
785.9 798.5 12.6 3.82 819.9 34
Max diff 12.6 34
RMS diff 6.7 10.8
aCalculations from Lambrecht et al.6
FIG. 3: Raman spectrum under crossed polarizers, showing
the a2 modes and compared with the calculated spectrum.
as the y direction. Which is which will be determined
below on the basis of the a1 modes.
The spectrum under crossed polarizers with incoming
polarization along one of these directions is shown in Fig.
3. We can now clearly identify all twelve a2 modes. The
measured values are compared with the present calcula-
tion and a previous one6 in Table I, and the differences
between these and the experimental values is noted. The
new calculation using a more accurate pseudopotential
gives a slightly smaller maximum and average difference.
Most frequencies are obtained to within 1% and the maxi-
mum difference between experimental and calculated val-
ues is 2%. The small peak at 617 cm−1 may result
from incomplete suppression of the strong a1 peak by the
crossed polarizers, but the small peak at 726 cm−1 can-
4FIG. 4: (Color online) Raman spectra for parallel polarizers
for directions 1 and 4, compared to the computed a1 spectra
for, respectively, the yy and xx components for both TO and
LO modes. The middle panel shows the phonon density of
states.
not be accounted for in this manner and is unexplained.
In Fig. 4 we show the spectra under parallel polarizers
for directions 1 and 4 compared with calculated Raman
spectra for the yy and xx Raman tensor components, re-
spectively, for the longitudinal and transverse a1 modes.
First we note that the spectrum for direction 1 best cor-
responds to the calculated spectrum for the a1yy Raman
tensor and for direction 4 to the a1xx Raman tensor. The
collection times for the measured spectra in directions 1
and 4 were identical and the spectra were scaled by the
same factor in the figure. The four calculated spectra
were scaled by a common factor in order to make the mea-
sured and calculated intensities roughly comparable. We
can see that the absolute intensity as well as the ratio of
the strongest peak (at 614.5 cm−1) to the other peaks is
higher for the experimental direction 1 and for the calcu-
late yy component. Secondly, the details of the spectrum
in the low frequency range also match best when identi-
fying direction 4 with x and direction 1 with y. In the
experimental spectra, the peak at 132.8 cm−1 is stronger
in direction 4, and the peaks at 173.0 and 191.4 cm−1
are stronger in direction 1. These peaks correspond to
the calculated a1 modes at 133.9, 170.5, and 191.7 cm
−1.
The calculated peak positions for a1 are listed in Table
II. The calculated peak at 133.9 cm−1 is predicted to be
stronger in the x direction, while the peaks at 170.5 and
191.7 cm−1 are predicted to be stronger in the y direc-
tion.
Although the material is mostly ordered as evidenced
by the lattice parameters, there is possibly some disorder
on the lattice and thus we can expect that phonon den-
sity of states (DOS) features would appear in the mea-
sured spectra. Generally, the presence of DOS features in
the Raman spectra of the present material is much less
pronounced than in the spectra of the material grown
by Peshek et al.10. However, there are some features in
the measured spectra which we believe might be asso-
ciated with DOS features because of their proximity to
predicted DOS features and because of the lack of vari-
ablity of the intensities and shapes of the features with
polarization direction. A comparison of the measured
spectra with the calculated DOS7,10 is shown in Fig. 4.
There is a feature in the measured spectra at 156.7 cm−1
that has the same intensity for both directions of polar-
ization. This feature is most likely associated with a peak
in the DOS. Likewise, the feature at 219.4 cm−1 is the
same for both directions and coincides with a steep ledge
in the DOS. Theory also predicts a DOS peak at 225.2
cm−1 that is very close to the measured feature. There
is a large broad measured feature at 283.4 cm−1 that is
the same for both directions of polarization. The small
predicted peak at 307.5 cm−1 might be contributing to
this feature as well.
There is a large feature at 473 cm−1 that is much
stronger in the direction 4 spectrum than in direction 1.
This feature corresponds to the predicted peak at 478.5
cm−1, which is indeed predicted to be more intense in the
x direction. The dominant feature in all spectra is the
intense peak measured at 614 cm−1, which corresponds
to the 626.6 cm−1 peak in the calculated spectra. This
peak is observed to be more intense in direction 1 and is
predicted to be more intense in the y direction. Another
intense feature is the peak at 728.7 cm−1 in the mea-
sured spectra, which corresponds to the predicted peak
at 740.5 cm−1. With all three of these peaks, the relative
intensities in each direction of polarization are consistent
with our assignment of direction 4 being the x direction
and direction 1 being the y direction.
In order to better understand the relations between the
TO and LO modes we first examine the theoretical re-
sults. The TO and LO modes are listed in Table II along
with some of their associated calculated quantities. For
completeness’ sake we also report the calculated b1 and
b2 modes in the appendix, although it was not possible
to measure these with the present samples and scattering
geometry. In the table we have assigned each LO mode
to a corresponding TO mode. Strictly speaking, one can-
5TABLE II: Measured and calculated TO and LO a1 mode frequencies in cm
−1, Raman tensor elements for xx and yy polar-
izations and for TO and LO modes, R
T (L)
xx , R
T (L)
yy (in atomic units) and IR oscillator strengths, Sz (atomic units).
Expt. Calculation
ω(a1T ) ω(a1L) R
T
xx R
T
yy R
L
xx R
L
yy Sz
cm−1 cm−1 cm−1 10−4a−10 10
−4a−10 10
−4a−10 10
−4a−10 a.u.=253.264 m
2/s2
132.8 133.9 133.9 4.3 3.1 4.3 3.1 6.3× 10−9
173.0 170.5 170.6 1.2 5.3 1.3 5.3 4.8× 10−7
191.4 191.7 191.7 3.5 5.9 3.5 5.9 2.0× 10−7
219.4 225.2 227.9 4.6 6.2 4.4 6.0 2.6× 10−5
283.4 306.8 307.5 3.6 1.9 3.4 1.8 9.9× 10−6
473.0 478.5 478.6 16.0 6.5 17.2 6.4 1.7× 10−5
536.0 491.4 528.6 13.8 8.0 10.0 10.3 1.1× 10−3
580.0 586.5 676.2 3.0 24.5 3.6 24.0 1.0× 10−3
614.5 626.6 626.6 61.7 81.6 61.7 81.6 1.8× 10−9
728.7 740.5 740.5 29.0 9.0 28.6 8.7 6.2 × 10−7
760.0 779.4 839.0 26.5 7.2 39.5 24.3 5.4 × 10−4
not make a one-to-one correspondence between TO and
LO modes of the same symmetry. The LO modes re-
sult from diagonalizing a force constant matrix, which
includes long-range forces resulting from the coupling of
the Born effective charges to the electric field produced
by the dipoles for longitudinal modes in the limit of the
wavevector q → 0. These forces are absent for trans-
verse modes. In the calculations, this long-range electric
field (here along z) is modeled as a static electric field,
and we obtain a different set of modes when this field
is included, compared to when it is not included. This
result is referred to as the “non-analyticity” in the z-
direction. Since the frequencies with (LO) and without
(TO) this non-analyticity result from diagonalizing dif-
ferent 12 × 12 matrices (including one zero eigenvalue)
in the two cases, there is no reason why the eigenvalues
and eigenvectors should match up on a one-to-one basis.
Nonetheless, there is a significant similarity in eigenvec-
tors between most mode pairs and hence, in an approxi-
mate way, one could identify the modes according to the
overlap between the LO and TO eigenvectors rather than
simply ordering them according to increasing frequency.
This similarity in their eigenvectors is manifested in the
Raman tensor values, and the LO and TO mode cor-
respondences were assigned with these considerations in
mind.
The chosen LO-TO mode correspondences also be-
come apparent when considering the calculated oscilla-
tor strengths of the modes, listed in Table II. The os-
cillator strength is proportional to the long-range elec-
tric field set up in the crystal as a result of the normal
mode oscillation and so should be related to the size of
the LO-TO shift. Three of the eleven modes have sig-
nificantly larger calculated oscillator strengths than the
other modes and accordingly the LO-TO shifts associ-
ated with these assigned mode pairs are the largest of
the eleven mode pairs. We note that in crystals with in-
version symmetry modes are either Raman active or IR
active but not both. Although in the present case we
do not have inversion symmetry, there still appears to
be clear distinction between modes that are strong in IR
and weak in Raman or vice versa. Calculated IR spectra
were reported in Ref. 7, Fig. 1, and show indeed only
three strong peaks in the Im(ε) spectrum, correspond-
ing to TO modes, and three corresponding peaks in the
−Imε−1 spectra corresponding to LO modes.
To further emphasize the correspondence between TO
and LO modes, we also examine the normal mode vi-
bration patterns. Fig. 5 shows the normal mode vi-
bration patterns for some selected TO-LO mode pairs.
First, the eigenvectors for the mode pair calculated at 626
cm−1 (corresponding to 614.5 cm−1 in the experiment)
are nearly unchanged since the polarization and result-
ing electric field are very small for this mode, leading to
a very small LO-TO frequency shift. The calculated TO
mode at 586 cm−1 shifts to 676 cm−1. In a sense this
mode has crossed the mode at 626 cm−1 in frequency
space. We can see more resemblance of the 586 cm−1
eigenvector to the 676 cm−1 mode than to the 626 cm−1
mode. Nonetheless we can see that some displacements
in the 676 cm−1 mode are more aligned with the z direc-
tion, which demonstrates the effect of the electric field in
the z direction occuring in the LO mode. Notably, the
nitrogen atom displacements in the left of the unit cell
straighten out. The TO mode at 779 cm−1 shifts to 839
cm−1 due to the LO shift. In this case the modification to
the eigenvector due to the electric field in the z direction
can be understood qualitatively. The nitrogen atoms are
negatively charged while the germanium and zinc atoms
are positively charged. The electric field in the z direc-
tion then modifies the displacements of each atom type
oppositely. Also note that in all of these relatively high
frequency modes the predominant motions occur for the
nitrogen atoms.
Two of the three LO modes that have a significant
LO-TO frequency shift are not present in the measured
spectra. The LO mode at 668 cm−1 in the yy spectrum
is predicted to be large, but it is not seen in either experi-
6FIG. 5: (Color online) Normal mode patterns for three TO
modes (left column) and their corresponding LO modes (right
column). The induced electric field is in the c-direction which
is up in the figure. The TO modes at 586 and 779 cm−1 induce
larger electric fields and so their corresponding LO modes are
altered accordingly. The TO mode at 626 cm−1 induces a
small electric field so its LO mode is nearly unchanged.
mental spectrum. Likewise, the LO mode at 839 cm−1 is
not seen in either measured spectrum. There is a broad
feature in both measured spectra around 536 cm−1 that
is close to the third predicted LO mode with a large LO-
TO shift at 528 cm−1. However, this feature could also
be associated with a DOS feature. Generally, the LO
modes lie close to DOS peaks and could be hidden by
them but the DOS features in the 650-700 cm−1 do not
stand out above the background and the predicted LO
peak at 839 cm−1 lies definitely above the highest DOS
peaks.
We hypothesize that these LO modes with large in-
duced electric fields are being suppressed due to an over-
damped plasmon coupling. LO phonon modes couple
to the plasma through the electric field. In GaN, the
low carrier mobility dampens the coupled LO-plasmon
mode. In GaN doped with Si to a concentration of
2.5×1018 cm−3, the LO A1 mode is already broadened
to the point where it cannot be separated from the back-
ground noise.16 In Kozawa et al.16 a plasmon broadening
factor of 930 cm−1 was extracted for the highest car-
rier concentration sample where the peak is still visible.
This result corresponds to a carrier mobility of order 50
cm2/Vs. We may expect reasonably that a similar or
even larger broadening and carrier concentration occurs
in our ZnGeN2 samples. The carrier concentration of the
present ZnGeN2 platelets could presently not be mea-
sured, but ZnGeN2 rods grown using a similar method
and at a similar temperature were measured and a car-
rier concentration of order 1019 cm−3 was estimated.17
We have measured the spectra up to 1230 cm−1 and did
not find any indication of an upper LO-plasmon coupled
peak in this range. This result indicates that the plasmon
frequency could be even higher and outside the range
measured and indicates the carrier concentrations would
be larger than 2× 1019 cm−3. With a broadening factor
γ of order 1000-2000 cm−1 as obtained by Mohajerani et
al.18 for GaN nanorods, our simulations of the Raman
spectra following the approach described by Kozawa et
al.16 indicate that the upper branch is very weak and
broad compared to the lower branch and likely not de-
tectable. For a carrier concentration of order 5 × 1019
cm−3 the plasmon mode would already be above 2000
cm−1. The lower branches in this case are so close to
the TO mode that they become indistinguishable from
it.
With the scattering geometry used, in principle we ex-
pect to only see longitudinal a1 modes. However, be-
cause we used a high numerical aperture objective, there
was some portion of the incident light with wavevector
in directions other than the z direction. Because of this
situation we might expect to see some intensity from TO
modes. For example, the small peak in the direction 4
spectrum at 760 cm−1 could well be a trace of the strong
TO a1xx peak predicted to be at 776 cm
−1. Similarly,
the small peak in the direction 1 spectrum at 580 cm−1
could stem from the strong TO a1yy peak predicted at
585 cm−1. The third TO peak which is predicted to have
a large LO-TO splitting is located at 491.4 cm−1, just to
the higher energy side of the large peak at 478.6 cm−1.
In the measured spectrum in direction 4, this TO peak
might be contributing to the slight asymmetry of this
large feature at 473.0 cm−1. These small traces of the
TO Raman peaks observed further support our assign-
ment of the crystallographic orientation of the measured
platelet. As mentioned in the previous paragraph, the
observation of these traces of the TO modes could also
be explained by the fact that they coincide with the L−
lower branches of the plasmon coupled modes. Since the
latter are so close to the pure TO modes, they cannot
be distinguished in the present spectra. In the work on
GaN rods by Mohajerani et al.18 the L− modes could be
distinguished from the pure TO mode as broad peaks es-
sentially hidden as subtle changes in the background and
thanks to careful fitting over a range of samples with
systematically changing carrier concentration. Unfortu-
nately, we are not yet in a position to carry out such
measurements in the present samples and thus our con-
jecture of the presence of LO-plasmon coupling is still
indirectly based on the non-observation of LO peaks.
7IV. CONCLUSIONS
ZnGeN2 was grown with a preferential c-oriented
platelet type of crystal habit by exposing a Ge-Sn-Zn liq-
uid to ammonia at 758◦C . Micro-Raman measurements
were carried out on these platelets for different orienta-
tions of the polarization directions with respect to the
crystallite orientation in the plane and with parallel or
crossed incident versus scattered polarization. Combined
with first-principles calculations these measurements al-
lowed us to determine which were the x and y directions
on the platelet and to measure the a2 and a1 Raman
modes. Most of the predicted peak locations were within
5 cm−1 of the measured values, and the predicted rela-
tive intensities agreed semi-quantitatively with the mea-
sured peaks. The LO peaks of the three modes that were
predicted to have large LO-TO frequency shifts were not
detected, likely because of over-damped coupling to plas-
mons. This result is consistent with the expected high
unintentional n-type doping.
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8TABLE III: Calculated b1 and b2 mode frequencies and asso-
ciated parameters.
ω(b1T ) ω(b1L) R
T
xz R
L
xz Sx
cm−1 cm−1 10−4a−10 10
−4a−10 a.u.=253.264 m
2/s2
168.2 168.7 0.73 0.85 2.9 × 10−6
194.3 194.4 2.28 2.24 4.5 × 10−7
239.7 241.8 2.74 3.13 2.0 × 10−5
305.6 308.9 4.29 3.91 4.0 × 10−5
326.4 326.4 2.80 2.83 2.8 × 10−7
517.7 540.7 3.58 1.38 7.7 × 10−4
546.6 551.3 0.03 0.03 3.5 × 10−3
616.2 705.4 10.87 15.1 1.3 × 10−3
656.3 656.2 4.06 3.03 2.8 × 10−6
768.9 821.4 4.00 19.28 3.9 × 10−4
799.4 796.7 0.67 3.94 4.7 × 10−6
ω(b2T ) ω(b2L) R
T
yz R
L
yz Sy
133.2 133.4 0.87 0.80 9.0 × 10−7
167.3 167.3 2.79 2.80 9.2 × 10−8
208.4 210.3 3.10 3.41 1.4 × 10−5
270.3 270.6 1.31 1.47 2.7 × 10−6
341.6 341.7 1.35 1.27 1.5 × 10−6
478.7 490.6 1.25 1.80 6.7 × 10−4
508.2 562.2 0.45 1.26 7.5 × 10−4
599.3 638.8 1.42 2.70 3.1 × 10−4
677.9 678.0 3.27 3.27 5.7 × 10−7
756.4 796.1 11.79 9.44 6.7 × 10−4
808.2 842.1 2.47 19.2 9.9 × 10−5
